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Abstract 
The softening and degradation of the cell wall (CW), often mannan enriched, is involved in several processes during 
development of higher plants, such as meristematic growth, fruit ripening, programmed cell death, and endosperm 
rupture upon germination. Mannans are also the predominant hemicellulosic CW polymers in many genera of green 
algae. The endosperm CWs of dry seeds often contain mannan polymers, sometimes in the form of galactomannans 
(Gal-mannans). The endo-p-mannanases (MANs) that catalyse the random hydrolysis of the (3-linkage in the mannan 
backbone are one of the main hydrolytic enzymes involved in the loosening and remodelling of CWs. In germinating 
seeds, the softening of the endosperm seed CWs facilitates the emergence of the elongating radicle. Hydrolysis and 
mobilization of endosperm Gal-mannans by MANs also provides a source of nutrients for early seedling growth, 
since Gal-mannan, besides its structural role, serves as a storage polysaccharide. Therefore, the role of mannans 
and of their hydrolytic enzymes is decisive in the life cycle of seeds. This review updates and discusses the 
significance of mannans and MANs in seeds and explores the increasing biotechnological potential of MAN 
enzymes. 
Introduction 
Photosynthetic eukaryotes have a carbohydrate-rich cell 
wall (CW), which is a highly complex and dynamic cell 
compartment that performs various mechanical and bio-
chemical functions and protects the cell from extreme 
osmotic conditions (Cosgrove, 2005; Sarkar et al, 2009; 
Burton et al, 2010; Sorensen et al, 2010). Genes encoding 
enzymes involved in the biosynthesis of CW components 
may have been transferred during the endosymbiotic pro-
cess from bacteria to plants (Popper et al, 2011). This 
biosynthesis takes places mainly in the Golgi complex and 
in the plasma membrane (Lerouxel et al, 2006; Fincher, 
2009; Burton et al, 2010). 
The CW is comprised of a primary (PCW) and, 
sometimes, a secondary cell wall (SCW), depending on the 
specialization and the cellular ability to expand or divide. 
Structurally, the PCW is made up of proteins and a scaf-
folding of cellulose [p(l—>4)-glucan chains organized in 
para-crystalline microfibrils] embedded in a matrix of cross-
linking hemicellulosic glycans and pectins. The hemicellulo-
sic glycans are mainly made up of xyloglucans, xylans, and 
B-mannans that are characterized by having a backbone of 
B(l—>4)-linked monomers with occasional lateral a(l—>6) 
sugar branchings. In land plants, especially in the Poaceae, 
B(l—>3;1—>4)-glucans are quantitatively important hemi-
celluloses (Smith and Harris, 1999). The relative propor-
tions of each sugar type in the PCW vary among different 
plant species and in different tissues and organs (Cosgrove, 
2005; Burton et al, 2010; Scheller and Ulvskov, 2010). Once 
cell growth has ceased and the differentiation process 
occurs, a SCW can be laid between the PCW and the 
plasma membrane. The SCW is more rigid and thicker than 
the PCW, and contains predominantly cellulose, xylan, 
lignin, pectin, and/or mannan. SCWs are prominent in 
xylem, sclerenchyma, and fibres (Knox, 2008; Vogel, 2008; 
Marcus et al, 2010; Albersheim et al, 2011). In recent 
years, progress in knowledge of the CW composition and 
structure has been achieved due to new sets of tools such as 
carbohydrate-binding modules (CBMs), used in immuno-
localization studies, and micro-spectroscopical techniques 
(Knox, 2008; Lee et al, 2011). 
Cell expansion in meristematic tissues is a major and 
irreversible cell process requiring PCW remodelling and 
synthesis (Somerville et al, 2004; Knox, 2008; Albersheim 
et al, 2011). This growth is not only caused by water 
uptake, driven by differences in osmotic pressure, but also 
involves different processes of hydrolysis, and rearrange-
ment or disassembly of the structural polymers, carried out 
by hydrolases, expansins, transglycosylases, or reactive 
oxygen species (ROS; Cosgrove, 2005; Schopfer, 2006; 
Fincher, 2009; Burton et al, 2010). This CW softening 
process is not exclusive to the meristematic growing cells; in 
fruit ripening, endosperm rupture upon germination, and 
programmed cell death, an important CW dismantling 
process takes place (Sampedro and Cosgrove, 2005; Gadjev 
et al, 2008; Moreira and Filho, 2008; Payasi et al, 2009; 
Pirello et al, 2009; Weitbrecht et al, 2011). 
In this review, we present an update on the composition, 
metabolism, and putative biological functions of mannans 
and mannanases (MANs) with special emphasis on seed 
germination. Some of the potential biotechnological impli-
cations are also considered. 
The mannan family in photosynthetic 
organisms 
The mannans are a set of heterogeneous glycans widespread 
among green algae and terrestrial plants (Fig. 1A). Struc-
turally, these polysaccharides contain p(l—>4)-linked resi-
dues of either mannose (Man) or a combination of glucose 
(Glc) and Man. This backbone may also be substituted with 
o((l—>6)-linked galactose (Gal) short side chains. Several 
types of mannans have been characterized: (i) pure mannans 
that contain >95% Man and that can adopt para-crystalline 
structures; (ii) galacto-mannans that contain >5% Gal; (iii) 
gluco-mannans with Glc and Man residues in the backbone; 
and (iv) (Gal-Glc)-mannans (Handford et al, 2003; Wang 
et al, 2006; Scheller and Ulvskov, 2010). The Man:Gal 
ratio varies from 1:2 to 20:1; the amount of Gal residues 
in the mannan polymer influences its solubility, viscosity, 
and interactions with other CW polysaccharides; as the 
Man: Gal ratio diminishes, the solubility of the polymer 
increases, by preventing the formation of insoluble para-
crystalline structures among the mannan chains. The 
Man: Gal ratio in Gal-mannans tends to be relatively 
constant during seed development; however, deviations 
from this can occur as in Senna occidentalis where there is 
an increase in the Man:Gal ratio from 2.3 to 3.3 during the 
last 5-10 d of endosperm development (Edwards et al, 
1992). 
Plants and algae have a complex phylogenetic history, 
including the acquisition of genes responsible for carbohy-
drate synthesis and modification, through a series of 
endosymbiotic events. Organisms that share photosynthesis 
and CW do not form a monophyletic group, but they 
contain some common CW components (Table 1; Popper 
etal.,20\\), 
Mannans in algae 
Man-rich hemicelluloses are found in the CW of the 
Charophycean green algae that are the most probable 
ancestor of terrestrial plants, and in the Bryophytes 
(Fig. 1A). However, the ferns (Pteridophytes and Equise-
tales) possess mannans showing lower amounts of Gal- and 
Glc-mannans in the PCW than in the SCW (Popper and 
Fry, 2004; Harris, 2005; Popper, 2008; Popper et al, 2011). 
Mannans are the predominant skeletal CW polymers in 
several green algae and some of them are of great industrial 
importance (Sittikijyothin et al, 2005; Ciancia et al, 2007; 
Dunn et al, 2007; Pauly and Keegstra, 2008; Estévez et al, 
2009; Popper and Tuohy, 2010). Linear p(l —> 4)-mannans 
are able to form para-crystalline microfibrils in the CW of 
all red algae of the fillum Rhodophyta (Table 1) and they 
are present in several siphonaceous green algae (Chloro-
phyta) including the single-cell Acetabularia (Dasycladales), 
Codium (Bryopsidales), and Halicoryne (Polyphysales). 
The CW of the giant alga Acetabularia is a well known 
example of heterogeneity since it is mannan rich during the 
vegetative phase, while it is enriched in cellulose during the 
reproductive phase (cysts; Dunn et al, 2007). Mannan-rich 
CWs are likely to be more extensible than cellulose-rich 
CWs. The CWs of marine organisms are less rigid than 
those of terrestrial plants, since the former are adapted to 
the buoyant water environment, such as Acetabularia and 
other algae with a similar mannan-enriched CW composi-
tion. Mannans in algae can display a variable degree of 
polymerization, between 20 and 10 000 monomers, as in 
Codium fragile CWs (Mackie and Sellen, 1969). 
The CWs of the red algae, such are Porphyra umbilicalis 
and Bangia atropurpúrea, are composed of three unique 
polysaccharides: p(l—>4)-mannans, p(l —> 3)-xylans, and 
porphyrans. In B. atropurpúrea, the soluble amorphous 
p-mannans are the main CW polysaccharides, detected 
using a fluorescence-labelled CBM that uses a MAN from 
Vibrio which has a specific ability to bind the soluble 
amorphous p-mannans but not those which are para-
crystalline (Tanaka et al, 2009; Umemoto and Araki, 
2010). 
Mannans in vascular plants 
Monocotyledonous plants contain Glc-mannans instead of 
xyloglucans, but the major hemicellulosic components are 
mixed-linked glucans and xylans (Stone, 2006). Likewise, 
the (Gal-Glc)-mannans are the major components of the 
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Fig. 1. Mannans and mannan synthases in Plantae. (A) Schematic outline of the abundance of mannans from Charophycean green algae 
to vascular plants. (B) Percentage of mannans in the CW of higher plants. (C) Glc-mannans in the CW of different tissues of cereal seeds. 
SCW of coniferous plants (Fig. IB, C; Ebringerová et al, 
2005; Benová-Kákosova et al, 2006). In the wood of these 
plants, the mannan polysaccharides are the most abundant 
cross-linking glycans (Maeda et al, 2000). In the 
Gymnosperms (especially in the softwoods), the xylem is 
very rich in (Gal-Glc)-mannans (15-20% of wood) compared 
with hardwoods (3-5%). Glc-mannans are also present in the 
CWs of coniferous seeds and to a lesser extent in those of 
some hardwoods. Although mannans are abundant in both 
PCW and SCW of plants, the Glc-mannans are present in 
low amounts in dicotyledonous plants (Fig. 1A-C). 
In general, Angiosperm seeds contain in their CWs 
Man-rich hemicelluloses as structural or storage compo-
nents. In Arabidopsis thaliana inflorescences, mannan poly-
saccharides are localized in the thickened SCW of xylem 
elements and in the interfascicular fibres, and also in the 
leaf xylem. In some cases, Glc-mannans are abundant in 
epidermal thickened outer CWs, and these probably have 
a role in defence against pathogens (Handford et al, 2003). 
Gal-mannans can be abundant in the CW of storage tissues, 
notably those from the endosperm of leguminous seeds, 
such as the locust bean (Ceratonia siliqua), guar (Cyamopsis 
tetragonoloba), or tara gum (Caesalpinia spinosa). In Aloe 
barbadensis, a storage linear polysaccharide located within 
the parenchyma cells corresponds to the acetylated mannan 
known as acemannan or carrysin (Femenia et al, 1999). 
(9-Acetylation is a common modification of CW polysac-
charides, including mannans. Although the enzymes in-
volved in this biochemical reaction are far from being 
identified, a knock-out Arabidopsis mutant in the Reduced 
Wall Acetylationl (RWA2) gene has decreased levels of 
acetylated CW polymers, including xyloglucans and pectins 
(Manabe et al, 2011). Recently, it has been shown that this 
acetylation disturbs the immunological probes for mannan 
determination (Marcus et al, 2010). 
Two main roles have been assigned to mannans: 
(i) structural, as para-crystalline or cross-linking polymers 
that bind cellulose; and (ii) as storage reserves in seed 
endosperm CWs and in vacuoles, as well as in vegetative 
tissue CWs (Reid et al, 2003; Handford et al, 2003; Gidley 
and Reid, 2006; Liepman et al., 2007; Tonini et al, 2007; 
Buckeridge, 2010; Burton et al., 2010; Scheller and Ulvskov, 
2010). Besides their well-known structural and storage 
functions, mannans can also be involved in oligosaccharide 
signalling, zygotic embryogenesis, and vascular cell differ-
entiation (Benová-Kákosová et al, 2006; Liepman et al, 
2007; Moreira and Filho, 2008; Goubet et al, 2009). The 
mannans play an essential role in higher plants, as 
evidenced by the embryo-lethal phenotype in the single 
Arabidopsis cslal mutant that is lacking the major 
Glc-mannan synthase activity in the embryo (Goubet et al., 
2003, 2009). 
The synthesis of mannans in plant CWs appears to be 
catalysed by proteins encoded by certain members of the 
cellulose synthase family. The CEllulose Synthase gene 
superfamily (CESA) of A. thaliana includes a subfamily 
encoding the catalytic subunits of the enzyme cellulose 
synthase, and eight other subfamilies of CEllulose Synthase-
like (CESA-like; CSLA-F) genes. Certain members of the 
CSLA subfamily encode mannan synthases, and the CSLF 
subgroup encodes p-glucan synthases. A CSLA family 
member from guar (a eudicot) has been shown to synthesize 
mannans and Glc-mannans when expressed in transgenic 
soybean cells (Dhugga et al, 2004; Liepman et al, 2007). 
Hemicellulosic glycans are mainly synthesized and assem-
bled in the Golgi cisternae, and the fusion of the Golgi 
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vesicles with the plasma membrane results in the deposition 
of the polysaccharides into the apoplast and their eventual 
incorporation into the CW (Lerouxel et al, 2006; Fincher, 
2009; Scheller and Ulvskov, 2010). However, the biosynthesis 
of p(l—>3)-glucan (i.e. callóse) is widely accepted to occur 
at the plasma membrane. By using monoclonal antibodies 
against a range of CW polysacharides, Wilson et al. (2006) 
have detected mannans in barley endosperm but they did 
not find p(l—>3;1—>4)-glucans either in the Golgi or in the 
Golgi-derived vesicles. Is the Golgi apparatus the only place 
for the complete synthesis of the CW matrix polysacchar-
ides, or are there other possibilities? 
Recently, a two-phase assembly system has been pro-
posed to account for the synthesis of CW glucans. During 
the first phase, linked to the Golgi complex, a population of 
p(l—>4)-oligoglucosides would be synthesized by enzymes 
of the CSL family, and then transferred to the plasma 
membrane by exocytosis. The second phase of the process, 
taking place in the apoplast, would imply the modification 
of the p(l—>4)-oligoglucoside chain, by a callóse synthase 
encoded by a member of the CSL gene family, by 
a xyloglucan-endotransglycosylase, or by another CSLF 
isoenzyme, through p(l—>3)-linkages (Burton and Fincher, 
2009; Doblin et al, 2009; Burton et al, 2010). 
Endo- fi-mannanases 
MAN enzymes are ubiquitous in nature and synthesized by 
a vast variety of organisms including bacteria (mainly 
Gram-positive bacteria), fungi, and plants (Dhawan and 
Kaur, 2007; Table 2; Supplementary Tables SI, S2 available 
at JXB online). MANs belong to families 5 and 26 of the 
glycosyl hydrolase superfamily, each containing >70 entries 
in the CAZY database (Carbohydrate-Active enZYmes 
Database; http://afmb.cnrs-mrs.fr/CAZy). However, plant 
MANs are all included in family 5. The classification of the 
MAN proteins is based on their amino acid sequences and 
on their structural and mechanistic similarities (Shallom 
and Shoham, 2003). 
Degradation of the mannan polymers depends on the 
pattern of substitutions of their backbones, and their 
complete hydrolysis requires the synergistic action of endo-
and exo- acting enzymes. MAN (EC 3.2.1.78), p(l->4> 
mannosidases (EC 3.2.1.25), and p(l—>4)-glucosidases (EC 
3.2.1.21) are the major enzymes involved in mannan 
hydrolysis. MANs are endohydrolases that catalyse the 
cleavage of p(l —> 4) bonds in the mannan backbone; 
p(l —> 4)-mannosidases and p(l—>4)-glucosidases are exohy-
drolases that attack the non-reducing end of the mannan 
polymer, releasing Man or Glc units, respectively (Moreira 
and Filho, 2008). Acetyl mannan esterases (EC 3.1.1.6) and 
a(l —> 6)-galactosidases (EC 3.2.1.22) are also needed to 
remove acetate or the galactosyl residues of the mannan 
polymers (Shallom and Shoham, 2003; van Zyl et al, 2010). 
The size of the MAN genes and the primary structure of 
their corresponding proteins are quite different (Dhawan 
and Kaur, 2007); however, eight amino acid residues, 
important for the catalytic activity of the enzyme, are 
conserved in all the members of family 5 MANs (Sakon 
et al, 1996). From the total of 76 MAN proteins 
characterized so far, only eight are from plants (Table 2; 
Supplementary Tables SI, S2 at JXB online). LeMAN4 from 
tomato is the only plant MAN whose three-dimensional 
structure has been determined (Bourgault et al, 2005). 
Although at least 20 different MANs have been purified 
from fungi and five from the animal kingdom (Supplemen-
tary Table S2), >65 putative MAN genes from 
Table 2. Endo-p-mannanases (MANs) from photosynthetic eukaryotes belonging to glycosyl hydrolase family 5 in the GenBank 
database (http://www.ncbi.nlm.nih.gov/) 
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photo synthetic eukaryotes have been annotated. From 
these, 54 are from eudicotyledonous and 10 from mono-
cotyledonous species; only one MAN gene has been 
reported from the green alga Chlorella vulgaris (Maki et al., 
2000). More than 20% of plant MANs appear to have 
a role in seed germination and post-germination processes 
(Table 2). 
The deduced signature sequence of Arabidopsis, rice, and 
poplar MAN is [AGS]-W-[EQ]-L-[MI]-N-E-P-[RHQ]-[CS]. 
MANs cleave the (9-glycosidic bond through a 'retaining 
mechanism', for which two catalytic residues, one acid/base 
and one nucleophile, are critical. In LeMAN4, these two 
residues are E204 and E318, which are conserved in plant 
MANs (Bourgault et al. 2005; Yuan et al, 2007). Besides 
the catalytic module, MAN, like other known glycosylases, 
also have a CBM which allows the targeting of the enzyme 
to its specific polysaccharide substrate within the heteroge-
neous and dense plant CW (McLean et al, 2002; Boraston 
et al, 2004; Michel et al, 2009). This specific recognition 
motif can enhance hydrolysis of insoluble polymers, bring-
ing the catalytic domain near to the substrate and allowing 
the disruption of polysaccharide clusters (Guillen et al, 
2010). There are three types of CBMs: (i) type A has a flat 
hydrophobic surface composed of aromatic residues that 
interact with the flat surfaces of the para-crystalline 
polysaccharides such are cellulose or chitin; (ii) type B binds 
amorphous xylans, p(l—>3)-glucans, p(l—>3;1—>4)-glucans, 
p(l—>4)-mannans, glucomannans, and galactomannans; 
and (iii) type C or lectin-like CBMs that only bind mono-, 
di-, or trisaccharides (Guillen et al, 2010). CBMs are 
grouped into 55 families (CAZY database: http:// 
afmb.cnrs-mrs.fr/CAZy), showing notable variations in sub-
strate specificity (Boraston et al, 2004). The CBMs can be 
localized at the N- or C-terminal end of the carbohydrate-
active enzymes (CAZymes); in some cases, tandem CBMs 
can comprise modules with different substrate specificities 
(Juge et al, 2002; Abe et al, 2004; Guillen et al, 2010). 
A mannan-transglycosylase (MTH) activity, besides its 
main hydrolytic activity, has been established for tomato 
LeMAN4 (Carrington et al, 2002; Schroder et al, 2006), 
and recently this MTH activity has also been described in 
the Aspergillus niger MAN (van Zyl et al, 2010). MTH 
activity has been also detected in flowers, fruits, and 
seedlings of Actinidia deliciosa and A. eriantha, in flowers 
of Malusxdomestica, and in the seedlings of Lactuca sativa 
and Pisum sativum. However, the association of the MTH 
activity with the MAN proteins needs to be demonstrated in 
these latter examples (Schroder et al, 2004, 2009). It is 
assumed that enzymes with transglycosylase activity allow 
CW expansion during growth, suggesting an important role in 
plant CW modification, seed germination, and fruit ripening. 
Mannans and MAN in seeds 
Functional properties of mannans in seeds 
The seed, the dispersal unit of higher plants resulting from 
sexual reproduction, ensures the survival and perpetuation 
of the species. Upon seed germination, the radicle protrudes 
through the previously weakened seed coat (testa) and 
endosperm (if present). This weakening process takes place 
in the CW and is mainly carried out by several CW 
hydrolytic enzymes, expansins, ROS, and the radicle turgor 
pressure (Holdsworth et al, 2008; Nonogaki et al, 2010; 
Iglesias-Fernández et al, 2011a, c; Weitbrecht et al, 2011). 
Mannans appear to be the main polysaccharides in tomato 
endosperm CWs (>60%), and indirect evidence of the 
presence of mannan in seeds derives from reverse genetic 
experiments with knock-out MAN lines of A. thaliana and 
from MAN enzymatic activity analyses in Sisymbrium 
officinale upon germination (Groot et al, 1988; Dahal 
et al, 1997; Iglesias-Fernández and Matilla, 2010, 2011a). 
In the seeds of the leguminosae family, Gal-mannans 
serve mainly as storage components; however, in the 
endosperm CWs of Schizolobium amazonicum seeds, 
a linear mannan has a structural role (Petkowicz et al, 
2001). The endosperm cells of the leguminous seeds of 
Cyamopsis tetragonoloba, Ceratonia siliqua, and Caesalpinia 
spinosa have thickned CWs enriched with Gal-mannan very 
heavily substituted with Gal (30-96%; Gidley and Reid, 
2006). All these seeds contain large reserves of CW-derived 
storage carbohydrates deposited in the endosperm SCW, 
eventually resulting in cells with a reduced cytoplasm and 
a thick CW; however, during seed formation, Gal-mannans 
are included transiently in the PCW (Somerville et al., 2004; 
Davis et al, 2010; Scheller and Ulvskov, 2010). At maturity, 
the Gal-mannans accumulated in the guar seed endosperm 
constitute >90% of its weight (Reid, 1995). In these seeds, the 
highly expressed guar mannan synthase (CtMS5) has an 
endosperm-specific expression and phylogenetically is closely 
related to CSLA of Arabidopsis and rice (Fig. 2; Dhugga 
etal.,2004). 
Mannans are also detected in high amounts in the storage 
endosperm and in the aleurone CWs of the wild grass 
Brachypodium distachyon, a model species for temperate 
cereals, whose genome has been sequenced recently 
(International Brachypodium Initiative, 2010; Guillon 
et al, 2011). Seeds from other monocotyledonous plants 
such as wheat, barley, and rice also contain Glc-mannans 
both in the aleurone and in the starchy endosperm (Fig. 1C; 
Williams et al, 2001; Rhodes et al, 2002). Palm (Phoenix 
dactylifera) seed endosperm has extremely thick CWs, 
composed almost entirely of linear mannan, conferring 
hardness that protects the seeds against mechanical damage 
(Reid, 1995). 
The hydrophilic properties of mannans, especially the 
galactosyl side branches that are the most hydrophilic part 
of the molecule, are also important to the ecology of the 
seed because of their role in water retention and prevention 
of desiccation of the seed embryo (Penfield et al, 2001; 
Albersheim et al, 2011). It is interesting to quote the 
germinative strategy of fenugreek (Trigonella foenum-graecum) 
seeds where the water-imbibing capacity of the endosperm-
localized Gal-mannan provides a mechanism to protect the 
germinating embryo from desiccation if dry conditions follow 
the initial seed imbibition (Buckeridge, 2010). 
Fig. 2. Gal-mannan metabolism in endospermic legume seeds. Gal-mannan accumulate preferentially in the secondary cell walls 
(SCWs) although transiently they can appear in the primary cell walls (PCWs). Abbreviations: Fru, fructose; Gal, galactose; GDPMP, 
GDP-mannose pyrophosphorylase; Glu, glucose; GT, UDP-Gal-dependent galactosyl transferase; HXK, hexokinase; Man, mannose; 
PMI, phosphomannose isomerase; PMM, phosphomannose mutase; MS, GDPman-dependent mannosyl-transferase; SS, sucrose 
synthase; UDP-GE, UDPgalactose 4-epimerase. 
Role of MAN enzymes in the germination of 
endospermic seeds 
The angiosperm seeds consist of the diploid embryo and 
the triploid endosperm surrounded and protected by the 
maternal tissue of the testa. The permanence of the 
endosperm varies depending on the species (Olsen, 2001; 
Linkies et al, 2010). It may persist as a major storage 
structure (i.e. endospermic legumes, cereals, and Ricinus 
communis) or as a thin layer surrounding the embryo 
(e.g. A. thaliana, Glycine max, L. sativa, and Gossypium 
herbaceum), or it may be completely absorbed during seed 
development, disappearing in the dry seed (e.g. P. sativum, 
Phaseolus sp., and Aesculus hippocastanum). Solanaceous 
species (e.g. S. lycopersicum and Nicotiana tabacum) have 
mature seeds with a multilayer aleurone (Petruzzelli et al., 
2003), whereas seeds with a thin aleurone of one to three 
cell layers include lettuce (L. sativa, Asteraceae), and the 
Brassicaceae species Lepidium sativum, S. officinale, and 
A. thaliana (Iglesias-Fernández and Matilla, 2010; Linkies 
and Leubner-Metzger, 2012). In some endospermic seeds 
such are N. tabacum (tobacco), L. sativum (garden cress), 
S. officinale (hedge mustard), and A. thaliana, it is well 
documented that germination progresses in two visible 
and temporally separated steps, with testa rupture and 
endosperm rupture being two differentially regulated 
events (Petruzzelli et al, 2003; Iglesias-Fernández and 
Matilla, 2010; Weitbrecht et al, 2011). In the endospermic 
seeds, the endosperm seems to be the predominant 
constraining structure to radicle emergence (Nonogaki 
et al, 2007). However, this role is exerted in the 
Cucurbitaceae (e.g. muskmelon) by the perisperm, and in 
the Pinaceae (e.g. Piceae spp.) by the mega-gametophyte 
(Bewley, 1997). 
Several CW remodelling proteins and ROS are also 
involved in the endosperm weakening (Müller et al, 2009). 
These proteins include MANs, endo-p(l—>3)-glucanases, 
chitinases, peroxidases, expansins, etc. (Bewley, 1997; Wu 
et al, 2001; Koornneef et al, 2002; Leubner-Metzger, 2003; 
Bailly, 2004; Iglesias-Fernández et al, 2011a; Morris et al, 
2011; Matilla-Vázquez and Matilla, 2012). In many endo-
spermic seeds (e.g. locust bean, guar, lettuce, tomato, and 
pepper), MANs are produced in the lateral endosperm 
following germination, mobilizing the mannan reserves that 
contribute to the early growth of the seedlings (Nonogaki 
and Morohashi, 1999). These isoenzymes are different from 
those produced in the micropylar endosperm, which are 
involved in the endosperm cap weakening prior to radicle 
emergence (Voigt and Bewley, 1996). 
Eudicotyledonous seeds 
Arabidopsis thaliana (Rosids): In the model plant 
A. thaliana, whose genome has been completely sequenced 
(Arabidopsis Genome Initiative, 2000), the MAN gene 
family is represented by eight members, all with canonical 
signal peptides, and only four of them (AtMAN2, AtMAN5, 
AtMAN6, and AtMAN7) axe expressed in germinating 
seeds. The transcript accumulation of these genes is 
restricted to the micropylar endosperm and the radicle, 
disappearing soon after radicle emergence. Knock-out 
mutants in AtMAN5, 6, and 7 have a lower germination 
rate than the wild type, particularly those in AtMAN6, 
suggesting a putative role for these genes in seed germina-
tion; a possible cooperation between the radicle and the 
endosperm MAN activities prior to radicle protrusion has 
also been hypothesized (Iglesias-Fernández et al., 2011a, b). 
In other species of the Brassicaceae family, such as 
S. officinale L., MAN activity increases sharply in dry 
after-ripened seeds and before radicle emergence, and this 
activity is ethylene and gibberellin dependent (Iglesias-
Fernández and Matilla, 2009). In L. sativum, transcripts of 
LesaMAN7 accumulate in the micropylar endosperm and, 
to a lesser extent, in the radicle prior to protrusion; after 
endosperm rupture, these transcripts are accumulated in 
the cotyledons (Morris et al, 2011). However, although the 
MAN expression studies and the knock-out mutants are 
valuable tools for understanding the germination process, 
these studies should be reinforced by establishing the 
characterization and the spatial location of mannans in the 
CWs of these seeds. 
Solanum lycopersicum (Asterids): During tomato seed ger-
mination, three genes encoding MANs (LeMANl, 2, and 5) 
are expressed sequentially in different parts of the endo-
sperm (Nonogaki et al, 1998a). LeMANl and LeMAN3 are 
synthesized in the lateral endosperm after germination and 
have been implicated in the mobilization of mannan 
reserves in CWs (Nonogaki et al, 19986; Belotserkovsky 
et al, 2007; Gong and Bewley, 2007). LeMANl expression 
and its enzyme activity take place in the micropylar area 
prior to radicle emergence, and most probably is involved in 
the weakening of the micropylar endosperm to facilitate 
radicle emergence (Nonogaki et al, 1998a, b; Toorop et al, 
2000; Gong and Bewley, 2007). This two-peak pattern of 
MAN activity is also present in other species such are 
Daucus carota and Sesbania virgata (Homrichhausen et al, 
2003; Lisboa et al, 2006). In other Solanaceae species, the 
accumulation of the MAN proteins and transcripts in the 
micropylar endosperm is mediated by phytochrome (Arana 
et al, 2006). 
Lactuca sativa (Asterids) 
The micropylar endosperm in lettuce seeds exerts a notable 
germination constraint for radicle protusion. However, the 
MAN activity in lettuce endosperm is associated with 
reserve mobilization closely following radicle emergence 
rather than prior to endosperm weakening (Wang et al, 
2004). Therefore, hemicellulases different from MAN 
should be more critical for the weakening of the micropy-
lar endosperm and the induction of germination in these 
seeds. 
Other eudicotyledonous species: In other species, such as 
Glycine max (soybean), Coffea arábica (coffee), and hard-
seeds, e.g. Ceratonia siliqua (carob), Senna obtusifolia 
(Chinese senna) and Trigonella foenum-graecum (fenugreek), 
MANs are likely to have a role in the degradation of 
mannan-rich reserves during seedling growth as occurs in 
lettuce. In soybean, four genes (GmMANl-GmMAN4) have 
been described as expressed in seeds, but only GmMANl 
shows a MAN-hydrolase activity and is specifically 
expressed in cotyledons of 14-day-old seedlings. In coffee, 
two MAN genes (CaMANA and CaMANB) are expressed 
only after seed germination (Marraccini et al, 2001; Lin 
et al, 2011). 
Monocotyledonous seeds 
In contrast to the extensive investigation of MAN in 
eudicotyledonous seeds, only a few works have been 
published in monocots, mainly in cereal seeds (DeMason 
et al, 1985; Dirk et al, 1995; Wang et al, 2005; Hrmova 
et al, 2006). 
Oryza sativa: In the complete sequenced genome of rice 
(International Rice Genome Sequencing Project, 2005), the 
MAN gene family is represented by nine members 
(OsMANl-OsMAN8 and OsMANP), Four rice MAN 
genes (OsMANl, OsMAN2, OsMAN6, and OsMANP) are 
expressed in germinating and germinated rice seeds prior to 
radical emergence, three transcripts are expressed in the 
scutellum (OsMANl, 2, and 6) and two in the aleurone 
layer {OsMANl and OsMANP; Yuan et al, 2007). Three 
isoforms of the enzyme (pi 8.86, pi 8.92, and pi 8.98) are 
found in the starchy endosperm and aleurone layer of 
germinating seeds, but only two of them are expressed in 
the scutellum. MAN proteins are also present in dry seeds. 
The amount of this protein decreases in the scutellum, but 
increases in the aleurone layer during germination (Ren 
et al, 2008). 
Hordeum vulgare (barley): In barley coleoptiles, the mannan-
containing polysaccharides are minor CW components 
(<0.5% of total CW polysaccharides; Gibeaut et al, 2005). 
HvMANl has been purified from extracts of 10-day-old 
barley seedlings and its corresponding gene has been detected 
in the scutellum of germinated barley grain, but the highest 
level of this transcript is found in the early developing 
endosperm (Hrmova et al, 2006). 
In cultivated cereals, as opposed to wild grasses, CW-
associated mannans are more likely to play a role in CW 
structure instead of being a reserve carbohydrate during 
early post-germination (Guillon et al, 2011). 
Biotechnological potential of MAN enzymes 
The biotechnological potential of MANs is quite extensive, 
and currently they are used in different types of industry 
such as the pulp/paper and textile industry, coffee 
manufacturing, feed and food production, etc. Moreover, 
MANs are being tested for their potential in second-
generation biofuel production. Consequently, there are 
many studies describing biochemical and kinetic parameters 
of MAN from different origins, mainly from microorgan-
isms and yeasts (Supplementary Tables SI, S2 at JXB 
online). Site-directed mutagenesis and other protein engi-
neering techniques are being used to improve the catalytic 
efficiency or the resistance to hot temperatures and extreme 
pHs of MANs. Improving MAN expression in heterologous 
systems, to find suitable enzymes for these industries, is also 
being pursued (Wen et al, 2009). 
One of the applications of MANs is their use in the 
enzymatic pre-bleaching of softwood pulps. The currently 
used alkaline pre-treatment causes an environmental pollu-
tion problem that could be solved using an enzymatic pre-
treatment (Dhawan and Kaur, 2007). The majority of pulps 
are derived from softwoods, where 20% of hemicelluloses 
are (Gal-Glc)-mannans. In this context, MANs would be 
excellent candidates for use in the enzymatic bleaching, 
particularly the thermophilic and alkalophilic MANs 
(Yanhe et al, 2004). Currently, studies in this field are 
searching for a suitable cocktail of different hydrolytic 
enzymes (xylanases, MANs, a-galactosidases, etc.) to 
improve bleaching (Clarke et al, 2000). 
In order to obtain biofuel from lignocellulosic (LC) 
biomass, a first thermochemical or biochemical processing 
is necessary (Larson, 2008). The thermochemical process 
uses high temperatures and high pressures. The biochemical 
process implies the conversion of LC materials to biofuels 
in four major steps (Balat et al, 2008): (i) a chemical or 
mechanical pre-treatment which promotes the physical 
disruption of the LC matrix; (ii) the enzymatic hydrolysis 
of the cellulose and hemicellulose to fermentable sugars; 
(iii) fermentation of the sugars to bioethanol; and (iv) the 
distillation of the ethanol. MANs can be useful in the two 
first steps particularly when the LC biomass is rich in 
mannans, as occurs in softwoods (Do et al, 2009). 
MANs together with other degrading enzymes (cellulases, 
proteases, lipases, amylases, pectinases, and xyloglucanases) 
are employed in detergent composition as stain removal 
boosters, including laundry, personal cleansing, and oral/ 
dental products (Kirk et al, 2002). However, the use of 
MANs in cleaning compositions requires enzymes with high 
activity at basic pHs; in this context, MANs produced by 
fungi are being explored (Wen et al, 2009). MAN 
preparations are also employed in combination with cellu-
lases, xylanases, and pectinases to reduce the viscosity of 
coffee extracts (Nunes et al, 1998, 2006; Gorgens et al, 
2006). The treatment of mannan-rich meals with MANs 
results in facilitating feed digestion, decreasing the intestinal 
viscosity, and improving weight gain in several farm 
animals (Dhawan and Kaur, 2007). Another important 
application of MAN enzymes is for enhancing the flow of 
oil and gas drillings (Politz et al, 2000). 
Future perspectives 
In the near future, our knowledge about plant mannan-rich 
CWs will most probably enlarge, since new interdisciplinary 
technologies such are the use of monoclonal antibodies 
against several CW carbohydrate epitopes together with 
confocal microscopy and computer-based image analyses 
are being applied to clarify the CW structure and composi-
tion. The transcriptional and post-transcriptional regulation 
of MAN genes will help to elucidate its dual functional role 
upon germination. In the model plant A. thaliana, molecu-
lar platforms can be used to this aim: DNA microarrays, 
libraries of arrayed transcription factors, ChlP-seq and 
RNA-seq facilities, knock-out gene collections, etc. These 
platforms are quickly being extended to other plant species 
at the same time as their genomes are available, thanks to 
the new high-throughput sequencing technologies. 
From a biotechnological point of view, a more systematic 
analysis of MAN enzymes is needed, mainly to optimize the 
physical disruption of the LC matrix of softwoods and to 
improve the enzymatic cocktail to hydrolyse the cellulose 
and hemicellulose mixtures to fermentable sugars. In this 
regard, cloning of the mannanase genes, expression of these 
genes in bacteria or yeast, and determination of the kinetic 
parameters of the corresponding enzymes and their opti-
mum pH, etc. are needed. Eventually, exon shuffling and/or 
site-directed mutagenesis will help to improve the bio-
technological potential of plant MANs. 
Supplementary data are available at JXB online. 
Table SI.Characterized MAN enzymes from bacteria in 
the GenBank database (http://www.ncbi.nlm.nih.gov). 
Table S2. Characterized MAN in eukaryota species other 
than plants in the GenBank database (http://www.ncbi. 
nlm.nih.gov). 
This work was financially supported by grants CGL2009-
11425 and BFU2009-11809 from the Ministerio de Ciencia e 
Innovación (MICINN, Spain). RI-F is supported by a Juan 
de la Cierva post-doctoral contract (JCI-2010-07909) from 
MICINN. We thank G. Revilla and J. Sampedro (USC, 
Spain) for critical reading of the manuscript. 
Abe A, Tonozuka T, Sakano Y, Kamitori S. 2004. Complex 
structures of Thermoactlnomyces vulgaris R-47 alpha-amylase 1 with 
malto-oligosaccharides demonstrate the role of domain N acting as 
a starch-binding domain. Journal of Molecular Biology 335, 811-822. 
Albersheim P, Darvill A, Roberts K, Sederoff R, Staehelin A. 
2011. Biochemistry of the cell wall molecules. In: Albersheim P, Darvill 
A, Roberts K, Serderoff R, Staehelin A, eds. Plant cell walls: from 
chemistry to biology. New York: Garland Science, Taylor & Francis 
Group, 67-118. 
Arabidopsis Genome Initiative AGI. 2000. Analysis of the 
genome of the flowering plant Arabidopsis thallana. Nature 408, 
796-815. 
Arana V, de Miguel LC, Sánchez RA. 2006. A phytochrome-
dependent embryonic factor modulates gibberellin responses in the 
embryo and micropylar endosperm oí Datura ferox seeds. Planta 223, 
847-857. 
Bailly C. 2004. Active oxygen species and antioxidants in seed 
biology. Seed Science Research 14, 93-107. 
Balat M, Balat H, Oz C. 2008. Progress in bioethanol processing. 
Progress In Energy and Combustion Science 34, 551-573. 
Belotserkovsky H, Berger Y, Shahar R, Wolf S. 2007. Specific role 
of LeMAN2 in the control of seed germination exposed by 
overexpression of the LeMAN3 gene in tomato plants. Planta 227, 
199-209. 
Benová-Kákosvá A, Digonnet C, Goubet F, ef a/. 2006. 
Galactoglucomannans increase cell population density and alter the 
protoxylem/metaxylem tracheary element ratio in xylogenic cultures of 
zinnia. Plant Physiology 142, 696-709. 
Bewley JD. 1997. Breaking down the walls—a role for endo-
p-mannanase in release from seed dormancy? Trends In Plant 
Science 2, 464-469. 
Bewley JD, Burton RA, Morohashi Y, FincherGB. 1997 
Molecular cloning of a cDNA encoding a (1 -^4)-p-annan 
endohydrolase from the seeds of germinated tomato (Lycoperslcon 
esculentum). Planta 203, 454-459. 
Boraston AB, Bolam DN, Gilbert HJ, Davies GJ. 2004 
Carbohydrate binding modules: fine-tuning polysaccharide 
recognition. Biochemical Journal 382, 769-781. 
Bourgault R, Oakley AJ, Bewley JD, Wilce MC. 2005. Three-
dimensional structure of (1,4)-beta-D-mannan mannanohydrolase from 
tomato fruit. Protein Science 14,1233-1241. 
Buckeridge MS. 2010. Seed cell wall storage polysaccharides: 
models to understand cell wall biosynthesis and degradation. Plant 
Physiology 154, 1017-1023. 
Burton RA, Fincher GB. 2009. (1,3;1,4)-f3-D-Glucans in cell walls of 
the poaceae, lower plants, and fungi: a tale of two linkages. Molecular 
Plant 2, 873-882. 
Burton RA, Gidley MJ, Fincher GB. 2010. Heterogeneity in the 
chemistry, structure and function of plant cell walls. Nature Chemistry 
Biology 6, 724-732. 
Carrington CMS, Vendrell M, Dominguez-Puigjaner E. 2002. 
Characterization of an endo-(1,4)-p-mannanase (LeMAN4) expressed 
in ripening tomato fruit. Plant Science 163, 599-606. 
Ciancia M, Quintana I, Vizcargüénaga Ml, Kasulin L, Dios A, 
Estevez JM, Cerezo AS. 2007. Polysaccharides from the green 
seaweeds Codium fragile and C. vermllara with controversial effects on 
hemostasis. International Journal of Biological Macromolecules 41, 
641-649. 
Clarke JH, Davidson K, Rixon JE, Halstead JR, Fransen MP, 
Gilbert HJ. 2000. A comparison of enzyme aided bleaching of 
softwood paper pulp using combinations of xylanase, mannanase and 
alpha-galactosidase. Applied Microbiology and Biotechnology 53, 
661-667. 
Cosgrove DJ. 2005. Growth of the plant cell wall. Nature Reviews 
Molecular Cell Biology 6, 850-886. 
Dahal P, Nevins DJ, Bradford KJ. 1997. Relationship of endo-p-D-
mannanase activity and cell wall hydrolysis in tomato endosperm to 
germination rates. Plant Physiology 113,1243-1252. 
Davis J, Brandizzi F, Liepman AH, Keegstra K. 2010. Arabidopsis 
mannan synthase CSI.A9 and glucan synthase CSLC4 have opposite 
orientations in the Golgi membrane. The Plant Journal 64,1028-1037. 
DeMason DA, Sexton R, Gorman M, Reid JSG. 1985. Structure 
and biochemistry of endosperm breakdown in date palm (Phoenix 
dactyllfera L.) seeds. Protoplasma 126, 159-167. 
Dhawan S, Kaur J. 2007. Microbial mannanases: an overview of 
production and applications. Critical Reviews in Biotechnology 27, 
197-216. 
Dhugga KS, Barreiro R, Whitten B, ef a/. 2004. Guar seed beta-
mannan synthase is a member of the cellulose synthase super gene 
family. Science 303, 363-366. 
Dirk LMA, Griffen AM, Downie B, Bewley JD. 1995. Multiple 
isozymes of endo-p-D-mannanase in dry and imbibed seeds. 
Phytochemistry 40, 1045-1056. 
Do B-C, Dang TT, Berrín JG, Haltrich D, To KA, Sigoillot JC, 
Yambhai M. 2009. Cloning, expression in Pichia pastoris, and 
characterization of a thermostable GH5 endo-1,4-p-mannosidase from 
Aspergillus niger BK01. Microbial Cell Factories 8, 59-70. 
Doblin MS, Pettolino F, Wilson SM, Campbell R, Burton RA, 
Fincher GB, Newbigin E, Bacic A. 2009. A barley cellulose 
synthase-like CSLH gene mediates (1,3;1,4)-p-D-glucan synthesis in 
transgenic Arabidopsis. Proceedings of the National Academy 
Sciences, USA 106, 5996-6001. 
Dunn EK, Shoue DA, Huang X, Kline RE, MacKay AL, 
Carpita NC, Taylor IEP, Mandoli DF. 2007. Spectroscopic and 
biochemical analysis of regions of the cell wall of the unicellular 
'mannan weed', Acetabularia acetabulum. Plant and Cell Physiology 
48, 122-133. 
Ebringerova A, Hromadkova Z, Heinze T. 2005. Hemicellulose. 
Advances In Polymer Science 186,1-67. 
Edwards M, Scott C, Gidley MJ, Reíd JSG. 1992. Control of 
mannose/galactose ratio during galactomannan formation In 
developing legume seeds. Planta 187, 67-74. 
Estévez JM, Fernández PV, Kasulin L, Dupree P, Ciancia M. 
2009. Chemical and in situ characterization of macromolecular 
components of the cell walls from the green seaweed Codlum fragile. 
Glycoblology 19, 212-228. 
Femenia A, Sánchez ES, Simal S, Rosselló C. 1999. 
Compositional features of polysaccharides from Aloe vera (Aloe 
barbadensls Miller) plant tissues. Carbohydrate Polymers 39, 
109-117. 
Filichkin SA, Leonard JM, Monteros A, Liu PP, Nonogaki H. 
2004. A novel endo-p-mannanase gene In tomato LeMAN5 Is 
associated with anther and pollen development. Plant Physiology 134, 
1080-1087. 
Fincher GB. 2009. Revolutionary times In our understanding of cell 
wall biosynthesis and remodeling In the grasses. Plant Physiology 149, 
27-37. 
Gadjev I, Stone JM, Tsanko S. 2008. Programmed cell death In 
plants: new Insights Into redox regulation and the role of hydrogen 
peroxide. International Review of Cell and Molecular Biology 270, 
87-144. 
Gibeaut DM, Pauly M, Bacic A, Fincher GB. 2005. Changes In eel 
wall polysaccharides In developing barley (Hordeum vulgare) 
coleoptlles. Planta 390, 105-113. 
Gidley MJ, Reid JSG. 2006. Galactomannans and other cell wall 
storage polysaccharides In seeds. In: Stephen AM, Phillips GO. 
Williams PA, eds. Food polysaccharides and their applications. New 
York: Taylor and Francls/CRC, 181-215. 
Gong XM, Bewley JD. 2007. Sorting out the LeMAN: endo-
p-mannanase genes and their encoded proteins In tomato. Seed 
Science Research 17, 143-154. 
González VM, Benjak A, Hénaff EM, Mir G, Casacuberta JM, 
García-Mas J, Puigdoménech P. 2010. Sequencing of 6.7 Mb of 
the melon genome using a BAC pooling strategy. BMC Plant Biology 
10, 246-260. 
Gorgens JF, Van Zyl WH, Rose SH, Setati ME, de Villiers T. 
2006. Method of producing hemlcellulase-contalnlng enzyme 
compositions and use thereof. South Africa patent ZA2006/03771 
2006. 
Goubet F, Misrahi A, Park SK, Zhang ZN, Twell D, Dupree P. 
2003. AtCSI_A7, a cellulose synthase-llke putative glycosyltransferase. 
is Important for pollen tube growth and embryogenesls \n Arabidopsis. 
Plant Physiology 131, 547-557. 
Goubet F, Barton CJ, Mortimer JC, Yu X, Zhang Z, Miles GP, 
Richens J, Liepman AH, Seffen K, Dupree P. 2009. Cell wall 
glucomannan In Arabidopsis Is syntheslsed by CSLA 
glycosyltransferases, and Influences the progression of 
embryogenesls. The Plant Journal 60, 527-538. 
Groot SPC, Kieliszewska-Rokicka B, Vermeer E, Karssen CM. 
1988. Glbberellln-lnduced hydrolysis of endosperm cell walls In 
glbberellln-deficlent tomato seeds prior to radicle protrusion. Planta 
174,500-504. 
Guillen D, Sánchez S, Rodríguez-Sanoja R. 2010. Carbohydrate-
binding domains: multiplicity of biological roles. Applied Microbiology 
and Biotechnology 85, 1241 -1249. 
Guillon F, Bouchet B, Jamme F, Robert P, Quemener B, 
Barron C, Larré C, Dumas P, Saulnier L. 2011. Brachypodlum 
distachyon grain: characterisation of endosperm cell walls. Journal of 
Experimental Botany 62,1001 -1015. 
Handford MG, Baldwin TC, Goubet F, Prime TA, Miles J, Yu X, 
Dupree P. 2003. Localisation and characterisation of cell wall mannan 
polysaccharides In Arabidopsis thaliana. Planta 218, 27-36. 
Harris PJ. 2005. Diversity In plant cell walls. In: Henry RJ, ed. 
Plant diversity and evolution: genotypic and phenotypic variation In 
higher plants. Walllngford, UK: CAB International Publishing. 
201-227. 
Holdsworth MJ, Bentsink L, Soppe WJJ. 2008. Molecular 
networks regulating Arabidopsis seed maturation, after-ripening, 
dormancy and germination. New Phytologist 179, 33-54. 
Homrichhausen TM, Hewitt JR, Nonogaki H. 2003. Endo-
p-mannanase activity Is associated with the completion of 
embryogenesls In Imbibed carrot (Daucus carota L.) seeds. Seed 
Science Research 13, 219-227. 
Hrmova M, Burton RA, Biely P, Lahnstein J, Fincher GB. 2006 
Hydrolysis of (1,4)-p-D-mannans In barley (Hordeum vulgare L.) Is 
mediated by the concerted action of (1,4)-p-D-mannan endohydrolase 
and p-D-mannosldase. Biochemical Journal 399, 77-90. 
Iglesias-Fernández R, Matilla A. 2009. After-ripening alters the 
gene expression pattern of oxidases Involved In the ethylene and 
glbberellln pathways during early Imbibition of Sisymbrium officinale L. 
seeds. Journal of Experimental Botany 60,1645-1661. 
Iglesias-Fernández R, Matilla AJ. 2010. Genes Involved In ethylene 
and glbberelllns metabolism are required for endosperm-limited 
germination of Sisymbrium officinale L. seeds. Planta 231, 653-664. 
Iglesias-Fernández R, Rodríguez-Gacio MC, Barrero-Sicilia C, 
Carbonero P, Matilla AJ. 2011a. Three endo-p-mannanase genes 
expressed In the mlcropllar endosperm and In the radicle Influence 
germination of Arabidopsis thaliana seeds. Planta 233, 25-36. 
Iglesias-Fernández R, Rodríguez-Gacio MC, Barrero-Sicilia C, 
Carbonero P, Matilla A. 2011b. Molecular analysis of endo-
p-mannanase genes upon seed Imbibition suggest a cross-talk 
between radicle and mlcropylar endosperm during germination of 
Arabidopsis thaliana. Plant Signaling and Behavior 6, 80-82. 
Iglesias-Fernández R, Rodríguez-Gacio MC, Matilla AJ. 2011c. 
Progress In research on dry after-ripening. Seed Science Research 21, 
69-80. 
International Brachypodium Initiative. 2010. Genome sequencing 
and analysis of the model grass Brachypodlum distachyon. Nature 
463, 763-768. 
International Rice Genome Sequencing Project. 2005. The map-
based sequence of the rice genome. Nature 436, 793-800. 
Jaillon O, Aury J-M, Noel B, ef a/. 2007. The grapevine genome 
sequence suggests ancestral hexaploldlzatlon In major anglosperm 
phyla. Nature 449, 463-467. 
Juge N, Gal-Coeffet ML, Furniss C, Gunning A, Kramhoft B, 
Morris VJ, Williamson G, Svensson B. 2002. The starch binding 
domain of glucoamylase from Aspergillus niger. overview of its 
structure, function, and role in raw-starch hydrolysis. Biología 
Bratislava 57, 239-245. 
Kirk O, Borchet TV, Fuglsang CC. 2002. Industrial enzyme 
applications. Current Opinion In Biotechnology 13, 345-351. 
Knox JP. 2008. Revealing the structural and functional diversity of 
plant cell walls. Current Opinion In Plant Biology 11, 308-313. 
Koornneef M, Bentsink L, Hilhorst H. 2002. Seed dormancy and 
germination. Current Opinion In Plant Biology 5, 33-36. 
Larson ED. 2008. Biofuel production technologies: status, prospects 
and implications for trade and development. United Nations 
Conference on Trade and Development (UNCTAD). 
Lee KJD, Marcus SE, Knox JP. 2011. Cell wall biology: 
perspectives from cell wall imaging. Molecular Plant 4, 212-219. 
Lerouxel O, Cavalier DM, Liepman AH, Keegstra K. 2006. 
Biosynthesis of plant cell wall polysaccharides—a complex process. 
Current Opinion In Plant Biology 9, 621-630. 
Leubner-Metzger G. 2003. Functions and regulation of B-1,3-
glucanases during seed germination, dormancy release and after-
ripening. Seed Science Research 13, 17-34. 
Liepman AH, Cavalier DM, Lerouxel O, Keegstra K. 2007. Col 
wall structure, biosynthesis, and assembly. In: Roberts J, González-
Carranza Z, eds. Plant cell separation and adhesion. Oxford: Blackwell 
Publishing, 8-39. 
Lin J, Pantalone V, Li G, Chen F. 2011. Molecular cloning and 
biochemical characterization of an endo-B-mannanase gene from 
soybean for soybean meal improvement. Journal of Agricultural and 
Food Chemistry 59, 4622-4628. 
Linkies A, Graeber K, Knight C, Leubner-Metzger G. 2010. The 
evolution of seeds. New Phytologist 186, 817-831. 
Linkies A, Leubner-Metzger G. 2012. Beyond gibberellins and 
abscisic acid: how ethylene and jasmonates control seed germination. 
Plant Cell Reports 31, 253-270. 
Lisboa CGS, Tonini PP, Tine MAS, Buckeridge MS. 2006. Endo-
B-mannanase from the endosperm of seeds of Sesbania virgata (Cav.) 
Pers. (Leguminosae): purification, characterisation and its dual role in 
germination and early seedling growth. Brazilian Journal of Plant 
Physiology 18, 269-280. 
Mackie W, Sellen DB. 1969. The degree of polymerization and 
polydispersity of mannan from the cell wall of the green seaweed 
Codium fragile. Polymer 10, 621-632. 
Maeda Y, Awano T, Takanabe K, Fujita M. 2000. 
Immunolocalization of glucomannans in the cell wall of differentiating 
tracheids in Chamaecyparis obtuse. Protoplasma 213, 148-156. 
Maki S, Ohta Y, Noutoshi Y, Fujie M, Usami S, Yamada T. 2000 
Mapping of cDNA clones on contig of Chlorella chromosome I. Journal 
of Biosclence and Bioenglneering 90, 431-436. 
Manabe Y, Nafisi M, Verhertbruggen Y, ef a/. 2011. Loss-of-
function mutation of REDUCED WALL ACETYLATION2 in Arabidopsis 
leads to reduced cell wall acetylation and increased resistance to 
Botrytis cinérea. Plant Physiology 155, 1068-1078. 
Marcus SE, Blake AW, Benians TAS, ef a/. 2010. Restricted 
access of proteins to mannan polysaccharides in intact plant cell walls. 
The Plant Journal 64, 191 -203. 
Marraccinni P, Rogers WJ. 2005. Coffee mannanase. Patent: US 
6841662. 
Marraccinni P, Rogers WJ, Allard C, Andre ML, Caillet V, 
Lacoste N, Lausanne F, Michaux S. 2001. Molecular and 
biochemical characterization of endo-B-mannanasesfrom germinating 
coffee (Coffea arábica) grains. Planta 213, 296-308. 
Matilla-Vazquez MA, Matilla AJ. 2012. Role of H202 as signalling 
molecule in plants. In: Ahmad P, Prasad MNV, eds. Environmental 
adaptations and stress tolerance of plants In the era of climate 
change. USA: Springer Science+Business Media, 361-380. 
McLean BW, Boraston AB, Brouwer D, Sanaie N, Fyfe CA, 
Warren RAJ, Kilburn DG, Haynes CA. 2002. Carbohydrate-binding 
modules recognize fine substructures of cellulose. Journal of Biological 
Chemistry 277, 50245-50254. 
Michel G, Barbeyron T, Kloareg B, Czjzek M. 2009. The family 6 
carbohydrate-binding modules have co-evolved with their appended 
catalytic modules toward similar substrate specificity. Glycobiology 19, 
615-623. 
Moreira LRS, Filho EXF. 2008. An overview of mannan structure and 
mannan-degrading enzyme systems. Applied Microbiology and 
Biotechnology 79, 165-178. 
Morris K, Linkies A, Müller K, Oracz K, Wang X, Lynn JR, 
Leubner-Metzger G, Finch-Savage WE. 2011. Regulation of seed 
germination in the close Arabidopsis relative Lepldium sativum: 
a global tissue specific transcript analysis. Plant Physiology 155, 
1851-1870. 
Müller K, Linkies A, Vreeburg RAM, Fry SC, Krieger-Liszkay A, 
Leubner-Metzger G. 2009. In vivo cell wall loosening by hydroxyl 
radicals during cress seed germination and elongation growth. Plant 
Physiology 150, 1855-1865. 
Nonogaki H, Bassel GW, Bewley JD. 2010. Germination—still 
a mystery. Plant Science 179, 574-581. 
Nonogaki H, Chen F, Bradford K. 2007. Mechanisms and genes 
Involved in germination sensu stricto. In: Bradford K, Nonogaki H, eds. 
Seed development, dormancy and germination. Oxford: Blackwell. 
264-304. 
Nonogaki H, Gee OH, Bradford KJ. 2000. A germination-specific 
endo-B-mannanase gene is expressed in the micropylar endosperm 
cap of tomato seeds. Plant Physiology 123, 1235-1245. 
Nonogaki H, Morohashi Y. 1999. Temporal and spatial pattern of 
the development of endo-B-mannanase activity in germinating and 
germinated lettuce seeds. Journal of Experimental Botany 50, 
1307-1313. 
Nonogaki H, Nomaguchi M, Morohashi Y, Matsushima H. 1998a. 
Development and localization of endo-B-mannanase in the embryo of 
germinating and germinated tomato seeds. Journal of Experimental 
Botany 49, 1501-1507. 
Nonogaki H, Nomaguchi M, Okumoto N, Kaneko Y, 
Matsushima H, Morohashi Y. 1998b. Temporal and spatial pattern 
of the biochemical activation of the endosperm during and following 
Imbibition of tomato seeds. Physiologia Plantarum 102, 236-242. 
Nunes FM, Coimbra MA. 1998. Influence of polysaccharide 
composition in foam stability of espresso coffee. Carbohydrate 
Polymers 37, 283-285. 
Nunes FM, Reis A, Domingues MR, Coimbra MA. 2006. 
Characterization of galactomannan derivatives in roasted coffee 
beverages. Journal of Agriculture and Food Chemistry 54, 3428-3439. 
Olsen OA. 2001. Endosperm development: cellularization and cell fate 
specification. Annual Review of Plant Physiology and Plant Molecular 
Biology 52, 233-267. 
Pauly M, Keegstra K. 2008. Tear down this wall. Current Opinion In 
Plant Biology 11, 233-235. 
Payasi NN, Mishra AL, Soares-Chaves AL, Singh R. 2009 
Biochemistry of fruit softening: an overview. Physiology and Molecular 
Biology of Plants 15, 203-213. 
Penfield S, Meissner RC, Shoue DA, Carpita NC, Bevan MW. 
2001. MYB61 is required for mucilage deposition and extrusion in the 
Arabidopsis seed coat. The Plant Cell 13, 2777-2791. 
Petkowicz CLO, Reicher F, Chanzy H, Taravel FR, Vuong R. 
2001. Linear mannan in the endosperm of Schizolobium amazonicum. 
Carbohydrate Polymers 44, 107-112. 
Petruzzelli L, Muller K, Hermann K, Leubner-Metzger G. 2003 
Distinct expression patterns of beta-1,3-glucanases and chitinases 
during the germination of Solanaceous seeds. Seed Science Research 
13, 139-153. 
Pirrello J, Regad F, Latché A, Pech JCI, Bouzayen M. 2009 
Regulation of tomato fruit ripening. CAB Review 4 ,1 -14. 
Politz O, Krah M, Thomsen KK, Borriss R. 2000. A highly 
thermostable endo-(1,4)-p-mannanase from the marine bacterium 
Rhodothermus marinus. Applied Microbiology and Biotechnology 53, 
715-721. 
Popper ZA. 2008. Evolution and diversity of green plant cell walls. 
Current Opinion in Plant Biology 11, 286-292. 
Popper ZA, Fry SC. 2004. Primary cell wall composition of 
pteridophytes and spermatophytes. New Phytologlst 164, 165-174. 
Popper ZA, Tuohy MG. 2010. Beyond the green: understanding the 
evolutionary puzzle of plant and algal cell walls. Plant Physiology 153, 
373-383. 
Popper ZA, Michel G, Hervé C, Domozych DS, Willats WGT, 
Tuohy MG, Kloareg B, Stengel DB. 2011. Evolution and diversity of 
plant cell walls: from algae to flowering plants. Annual Review of Plant 
Biology 62, 567-590. 
Puzio P, Blau A, Walk TB, Gipmans M, Haake V, Weig A, 
Plesch G, Ebneth M. 2008. Process for the production of a fine 
chemical. Patent: WO 2008034648. 
Reid JSG. 1995. Structure and function in legume-seed 
polysaccharides. In: Brett C, Hillman JR, eds. Biochemistry of the plant 
cell walls. Cambridge: Cambridge University Press, 259-268. 
Reid JSG, Edwards ME, Dickson CA, Scott C, Gidley MJ. 2003 
Tobacco transgenic lines that express fenugreek galactomannan 
galactosyltransferase constitutively have structurally altered 
galactomannans in their seed endosperm cell walls. Plant Physiology 
131,1487-1495. 
Ren YF, Bewley JD, Wang XF. 2008. Protein and gene expression 
patterns of endo-p-mannanase following germination of rice. Seed 
Science Research 8, 139-149. 
Rhodes Dl, Sadek M, Stone BA. 2002. Hydroxycinnamic acids in 
walls of wheat aleurone cells. Journal of Cereal Science 36, 67-81. 
Sakon J, Adney WS, Himmel ME, Thomas SR, Karplus PA. 1996 
Crystal structure of thermostable family 5 endocellulase E1 from 
Acidothermus cellulolyticus in complex with cellotetraose. 
Biochemistry 35, 10648-10660. 
Sampedro J, Cosgrove DJ. 2005. The expansins superfamily. 
Genome Biology 6, 242-250. 
Sánchez RA, de Miguel L. 1997. Phytochrome promotion of 
mannan-degrading enzyme activities in the micropylar endosperm of 
Datura ferox seeds requires the presence of the embryo and 
gibberellin synthesis. Seed Science Research 7, 27-33. 
Sarkar P, Bosneaga E, Auer M. 2009. Plant cell walls throughout 
evolution: towards a molecular understanding of their design 
principles. Journal of Experimental Botany 60, 3615-3635. 
Scheller HV, Ulvskov P. 2010. Hemicelluloses. Annual Review of 
Plant Biology 61 , 263-289. 
Schopfer P. 2006. Biomechanics of plant growth. American Journal 
of Botany 93, 1415-1425. 
Schroder R, Atkinson RG, Redgwell RJ. 2009. Re-interpreting the 
role of endo-p-mannanases as mannan endo-transglycosylase/ 
hydrolases in the plant cell wall. Annals of Botany 104,197-204. 
Schroder R, Wegrzyn TF, Bolitho KM, Redgwell RJ. 2004 
Mannan transglycosylase: a novel enzyme activity in cell walls of higher 
plants. Planta 219, 590-600. 
Schroder R, Wegrzyn TF, Sharma NN, Atkinson RG. 2006 
LeMAN4 endo-beta-mannanase from ripe tomato fruit can act as 
a mannan transglycosylase or hydrolase. Planta 224,1091-1102. 
Shallom D, Shoham Y. 2003. Microbial hemicellulases. Current 
Opinion in Microbiology 6, 219-228. 
Sittikijyothin W, Torres D, Goncalves MP. 2005. Modelling the 
rheological behaviour of galactomannan aqueous solutions. 
Carbohydrate Polymers 59, 339-350. 
Smith BG, Harris PJ. 1999. The polysaccharide composition of 
Poales cell walls: Poaceae cell walls are not unique. Blochemistlcal 
Systematlcs and Ecology 27, 33-53. 
Somerville C, Bauer S, Brininstoll G, ef a/. 2004. Towards 
a systems approach to understanding plant cell walls. Science 306, 
2206-2211. 
Sorensen I, Domozych D, Willats WGT. 2010. How have plant eel 
walls evolved? Plant Physiology 153, 366-372. 
Stone BA. 2006. Cell walls of cereal grains. Cereal Foods World 51, 
62-65. 
Tanaka M, Umemoto Y, Okamura H, Nakano D, Tamaru Y, 
Araki T. 2009. Cloning and characterization of a p-1,4-mannanase 5C 
possessing a family 27 carbohydrate-binding module from a marine 
bacterium, Vibrio sp. strain MA-138. Biosclence, Biotechnology and 
Biochemistry 73, 109-116. 
Tonini PP, Lisboa CGS, Silva CO, Mazzoni-Viveiros SC, 
Buckeridge MS. 2007. Testa is involved in the control of storage 
mobilisation in seeds of Sesbania virgata (Cav.) Pers., a tropical 
legume tree from the Atlantic Forest. Trees 21 , 13-21. 
Toorop PE, van Aelst AC, Hilhorst HWM. 2000. The second step 
of the biphasic endosperm cap weakening that mediates tomato 
(Lycopersicon esculentum) seed germination is under control of ABA. 
Journal of Experimental Botany 51 , 1371 -1379. 
Umemoto Y, Araki T. 2010. Cell wall regeneration in Bangia 
atropurpúrea (Rhodophyta) protoplasts observed using a mannan-
specific carbohydrate-binding module. Marine Biotechnology (NY) 
12,24-31. 
van Zyl W, Rose SH, Trollope K, Górgens JF. 2010. Funga 
p-mannanases: mannan hydrolysis, heterologous production and 
biotechnological applications. Process Biochemistry 45,1203-1213. 
Velasco R, Zharkikh A, Troggio M, ef al. 2007. A high quality draft 
consensus sequence of the genome of a heterozygous grapevine 
variety. PLoS ONE 2, E1326. 
Vogel J. 2008. Unique aspects of the grass cell wall. Current Opinion 
in Plant Biology 11, 301 -307. 
Voigt B, Bewley JD. 1996. Developing tomato seeds when removed 
from the fruit produce multiple forms of germinative and post-
germinative endo-p-mannanase. Responses to desiccation, abscisic 
acid and osmoticum. Planta 200, 71-77. 
Wang AX, Li JR, Bewley JD. 2004. Molecular cloning and 
characterization of an endo-p-mannanase gene expressed in the 
lettuce endosperm following radicle emergence. Seed Science 
Research 14, 267-276. 
Wang AX, Wang XF, Ren YF, Gong XM, Bewley JD. 2005. Endo 
p-mannanase and p-mannosidase activities in rice grains during and 
following germination, and the influence of gibberellin and abscisic 
acid. Seed Science Research 15, 219-227. 
Wang HL, Yeh KW, Chen PR, Chang CH, Chen JM, Khoo KH. 
2006. Isolation and characterization of a pure mannan from Oncidium 
(cv. Gower Ramsey) current pseudobulb during initial inflorescence 
development. Bloscience, Biotechnology and Biochemistry 70, 551-553. 
Weitbrecht K, Müller K, Leubner-Metzger G. 2011. First off the 
mark: early seed germination. Journal of Experimental Botany 62, 
3289-3309. 
Wen F, Nair U, Zhao H. 2009. Protein engineering in designing 
tailored enzymes and microorganisms for biofuels production. Current 
Opinion in Biotechnology 20, 412-419. 
Wilson SM, Burton RA, Doblin MS, Stone BA, Newbigin E, 
Fincher GB, Bacic A. 2006. Temporal and spatial appearance of wall 
polysaccharides during cellularization of barley (Hordeum vulgare) 
endosperm. Planta 224, 655-667. 
Williams HA, Bewley JD, Greenwood JS, Bourgault R, Mo B. 
2001. The storage cell walls in the endosperm of Asparagus officinalis 
L. seeds during development and following germination. Seed Science 
Research 11, 305-315. 
Wu CT, Leubner-Metzger G, Meins F, Bradford KJ. 2001. Class 
p-1,3-glucanase and chitinase are expressed in the micropylar 
endosperm of tomato seeds prior to radicle emergence. Plant 
Physiology 126, 1299-1313. 
Yanhe Ma, Xue Y, Dou Y, Xu Z, Tao W, Zhou P. 2004 
Characterization and gene cloning of a novel beta-mannanase from 
alkaliphilic Bacillus sp. N16-5. Extremophlles 8, 447-454. 
Yuan JS, Yang XH, Lai JR, Lin H, Cheng ZM, Nonogaki H, 
Chen F. 2007. The endo-p-mannanase gene families in 
Arabidopsis, rice, and poplar. Functional and Integrative Genomics 
7, 1-16. 
Zhuang J-P, Su J, Chen W-X. 2006. Molecular cloning and 
characterization of fruit softening related gene p-mannanase from 
banana fruit. Agricultural Sciences in China 5, 277-283. 
